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L. HISTORICAL SURVEY

A. Discovery of the Muon

The muon was discovered in cosmic radfactlon in 1937.! For
several yeurs it way believed to be the meson of Yukawa’s theory
that was the carrier of the strong nuclear force: {its mass
(105.5 MeV/c?) is deceptively close to Yukawa’s predicted meson
mass. It was ounly after it was found that the muon Jdid not inter-
act strongly and another particle (the pl meson) did that the real
puzzle presented itself: what role dnes the muon play? This
uystery was succlnctly expressed by Rabi: "The Muon, Who Ordered
That?"

In fact, this remains one of the central question: in physics
to this day, eveu though the language has changed. Today, one
speaks of the family or generation problem, seeking to understand
the apparent replication of quark and lepton generations, rather
than only why the muon exists.

B. Interest in Neutriroless Processas

Historically, neutrinoless processes such as TR e+Y.

u+ - e+e+e', and u~2 + e”Z weru of great iuterest. It was belleved
that the muon and the elect:on had identical quantum numbers and so
these processes should occure One can show that a minimal
electromagnetic ut » oty transition [Figs 1(a)] violates current
congervation,
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Fig. 1. (a) Diagram for a minimal u + ey transition.
(b) Diagram for u + ey medlated by a second~order weak
interaction.
(c) Second-order weak-interaction diagram for u + eee.
The interaction Lagrangian for Fig. 1(a) 1=
Line = -eJVAv + Hermitian Conjugate )
V a7 \Y
where ] YaY Wu .
Current conservation implies
VoV = 0 = T (TevV¥ ) = V(v Ivy, + TolTyrthy) . (2)
The Dirac equation can be written
17,9V + 2 = 0 (la)
and also as
tvyYv = my =0 , (3b)

vhere m 18 the mass of the spin ﬁ% particle involved. Putting (la)
and (3b) into (2), we find



vv(meYv)wu + we(vaku)

0 = ~1mTo¥, + im ¥, = 1(m, = wde¥, (4)

which 18 inconsistent. Thus, the interacction of Fig. 1(a) violates
current conservation and so cannot occur. However, the inieraction
shown in Fig. 1(b) is allowed. Note that this process 1s second
order in the weak interaction. The calculation of this process
yields,? for the branching ratio,

Pt > ety) _ 2a 540 A 2
B - - G m;(——)“(ln——)z
uey r(u+ > e+v“) Ind mp mp

= 0”15 A e n_z_AZ , (5)
(mp) (2 mp)

where A 15 the momentum at which the divergent integral over the
neutrino momentum is cut off. It is interestini -o note that in
the current < current model, the process u’ » e [Fig. 1(c)} is
second-order weak, whereas pt + ety [Fig. 1(b)] is further sup-
presaed by order a. The small rate implied by (5) did not confront
the experimental upper limit, B, .. < 2 x 107>, in 1957. 3

A fundamental problem with the current x current model of the
weak interaction is that the interaction grows with energy and
ultimately violates unitarity. A solution to this problem was the
introduction of the tntermediate vector boson (now called N ) gro-
posed by Schwinger in 1957.“ In this theory, the decay ut » ety
can proceed via the diagram shown in Fig. 2. The rate for this
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Fig. 2. Diagram for u + ey in intermediate vectur boson model.



diagram is second order in the semiweak coupling constant of the W

to the leptons and so is first-order weak. BueY 1s given by?

- 3 N2
B FT- aN (mw,A) (6)

uey

N =1 for A = my; provided that the W has no anomalous magnetic
moment. In general, N varies rapidly with A/my.

The large B ey lmplied by (6) was in conflict with the mea-
sured upper limit. In order to explain this, Ebel and Ernst> noted
that for an anomalous moment near 0.75, B ey 18 nearly zero for
0.1 ¢ AM/my £ 100. However, the calculated rates for u" = etete~
and y"Z + e"Z are not similarly suppressed. Thus, a dilemma
existed. We could conclude that neutrinoless u-e transitions were
either suppressed by some dynamical mechanism or forbidden by some
conservatioun la+, Incidentally, this historical example of the
need to measure all possible neutrinoless u-e transitions will be
repeated.

C. Lepton-l"umber—Conservation Laws

The first lepton-number conservation law was proposed by Kono-
pinski and Mahmoud in 1953.6 In this scheme, e~ and u’ are each as-
signed L = +], whereas et and u~ have L = -1. The assignments are
symmarized in Table I. There is a single conserved quantity, IL.
This is an extremely econgmical scheme that forbids ut o+ e Y, u =+
etete™, 1™z » €72, KO » u”e* but allows ™2 + et(2-2). An early
problem with this arrangement was that it predicted that identical
neutrinos emerge from muon decay (ut + etvv), giving a vaine of zero
to the Michel parameter p, in contradiction to the measured p = 3/4.
The scheme can be patchcd up by allowing distinct v, and v, , but it

e
cannot be extended to a third lepton generation.

ur

The additjv lepton number scheme was introduced {n 1957 by
Schwinger, by Ni,hijima, and by Bludman.’ The assignments are

shown in Table I1. The conserved quantities are ELu and llgy This
fgrbtdi 311 neutrinoless u-e transitions, as well as * u e and
+ T u"e The extenaion of this scheme to include tPe T lepton

generation is stralghtforward.

The multiplicative scheme was put forth by Feinberg and Wein-
bergd in 196l. The assignments are given in Table LII. The con-

served quantities here are Il and IlL ‘“his choice forbids all
neutrinoless processes but allows u+ + e¥5 eVy» as well as wt -
etv 3, .

These schemes require distinct muon- and electron-type veutri-
nosa. In 1959-00, Pontecorvo and, independently, Schwartz’ proposed



TABLE I. Konopinski-Mahmoud Lepton=Number Assignments

L
+1 e, u+, v
-1 et, v=, © Conservation Law: IL = Constant
0 Everything else
Forbids: ut » ety Allows: u~Z » et (z - 2)
ut > etete” (ute™) » (u7eh)
uZ +e"2 Kkt + utetn~
KO » u¥e? ut » ety

TABLE II. Additive Lepton-Number Assignments

Le Ly b
+1 7, Vg +1owT, vy +1 1, v,
-1 e+' T)e -1 u+. vu -1 T+v Vo
0 Everything else 0 Everything else 0 Everything else

Conservations Laws: ZL_ = Constant
ZLu = Constant

ZLT = Constant

Forbids: u+ »> e+Y Allows: pt » etv 5

e’y
pt » atete

U 2 + e"2
Tz o+ et(z-2)

KO +» ue
+ +5
M + @ vevu

accelerator experiments to determine Lf these neutrinos are indeed
distinct. Antineutrinos produced in reactors result fron 8 decay
and B0 are electron-antineutrinos., When they interact with matter
they produce positruons. Neutrinos produced at accelerators come
predominantly from ey v, and so should produce amuons when they



TABLE III. Multiplicative Lepron-Number Scheme

: b
- - (=)
+1 w7, €7, Vg, v, +1 et, vy
= = (=)
-1 u+v e+' Ver Vu -1 u+. Yu
0 Everything else +] Everything else

Conservation Laws: L = Constanft

IILP = Constant

Forbids: ut » ety Allows: ut » e+ve3u
ut + etete wt o e+Vevu
uZ » e7z (u¥e™) » (u7eh)
w7z » et(2-2)
KO » e

interact. This was indeed found to be the case in the famous '"two~
neutrino experiment” in 1962.10 This stunning result validated the
concept of lepton-number conservation and virtually closed the book
on further searches for neutrinoless u-e transitions for some time.

The situation was summarized in a 1963 paper by S. Frankel et
al.!!: "The results of the neutrino experiments...indicate that
the normal weak interaction channels are closed to this decay mode
(b » ey). Since it now appears that this decay is not lurking just
Leyond present experimental resolution, any further search...seems
futile." The experimental status as of 1964 and 1975 is given in
Table 1V,

II. PRESENT VIFW OF LEPTON-NUMBER CONSERVATION

A. Nature of Conservation Laws

There are two kinds of conservation laws: those which are
related to space~time translations or rotations and those which are
not. Examples of the first kind are conservation of energy, momen-
tum, and angular momentum. The second type includes conservation
of electric charge, baryon number, and lepton number. We believe
the first type of conservation law is fundamental. In 1933 Pauli!?
postulated the existence of what appeared to be an unobservable



TABLE IV. Experimental Status of Various Lepton-Family-Violating
Processes in 1964 and 1975

Upper Limit 1in Upper Limit in
Process 1964 (907 CL) 1975 {90% CL)
BR(uY + ety) 2.2 x 1078 2.2 x 1078
BR(uY » efete™) 1.2 x 1077 6.2 x 1079
BR(xY » etyy) 1.6 x 1073 4 x 1076
r(uz » e72) 2.4 x 1077 (Cu) 2 x 1078 (cu)

ru=z + viz - 1))

particle (the neutrino), rather than give up conservation of energy
and angular momentum in beta decay.

In general, the second kind of conservation law is regarded as
less fundamental. However, the conservation of electric charge 1is
related to gauge Iinvariance of the electromagnetic field and its
associated massless gauge boson (the photon). No such massless
gauge boson exists for baryon or lepton number, and so it has been
argued that exact conservation of these quantities is absurd. A
heuristic argument presented by de Rujula, Georgi, and Glashow!3
demonstrates this.

Consider a region of space from which you are excluded., If
someone throws an electrically charged object into the region, can
you detect this event by observations made outside the region?

Yes, you can. The memory of the electric charge 1s preserved by
the electric field outside the region: the fact that the photon is
massless implies that the field extends over all spare. Now, 1if
someone throws a lepton (or a baryon) into the region, can you
tell? No! The lepton leaves no trace at all. Thus, we do not
expect lepton number to be an exact global gsymmetry.

How do we know that there 1is no massless gauge boson coupled
to lepton number? Of course, we have not seen one but that does not
constitute proof. The best theoretical argument was given by Lee
and Yang in 1955.!* They showed that such a massless gauge boson
would violate the gravitational equivalence principle (EBtvds
experiment). Consider a massless vector field coupled to lepton
number with coupling constant n. The force between two massive
objects then includes a contribution from the Coulomb-like force
between the leptons:
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The gravitational mass, M;., is supposed to be equivalent to the
inertial mass, M;. But M/Z varies greatly from substance to
substance. Thus, the equivalence principle cannot hold for all
substances. The experimental precision on the equivalence princi-
ple corresponds to an upper limit on n//G.

Thus, we do not expect lepton or baryon numbers to be exactly
conserved, Nevertheless, the experimental evidence shows that any
violation of conservation of “hese quantities 1is extremely weak.
In fact, it is a theoretical problem to explain why the violation
is 80 weak if it is not zero.

Be The "Standard Model"

The standard model is a spontaneously broken gauge theory of
electroweak and strong interactions with a group structure SU(3)_  x
SU(2); x U(l).}3 The feruions are placed in left-handed doublets
and r}ght—handed singlets. In this model, the neutrinos are mass-
less, and there is no lepton number (either total lepton number or
geparate electron, muon and tau number) violation. The standard
model is a minimal model in the sense that it includes only those
elements which are required by present data. Many elements (such
as exact V-A weak interactions) are put in explicitly, and there is
no explanation for the replication of the family structure, nor is
there any way to ca'culate the many parameters (coupling constants,
masses, mixing angles) of the theory. Nevertheless, this model is
in agreement with all observations.

C. Heavy Neutrinos

The simplest extension of the minimal Weinberg-Salam=-Glashow
model would be the inclusion of neutrino masses. In such a model,
the neutrinos could mix and glve rise to (for example) u + ey.l®

The branching ratio, Buev' is given by

(m3 - mz)z(m3 - ml)2

.~ ’ (8)

3a o
Buey = 327 |Ug3U 5

where m, is the mass of the neutrino in the 1th generation and Uij
is an eiement of the unitary neutrino mass mixing matrix. Using



the present upper limit for the tau-neutrino mass (mv < 250 MeV)

and |U%.U 3|2 <3 x1073, ve find Bley €1 x 107 For a further
lepton generation with maximal mixing, a neutrino mass of 1.8 GeV

would result in Bu = 107'Y. Note that this model has succeeded

in suppressing muon number violating processes without needing to

impuse a conservation law.

In this model. u¥ + etete™ 1s dominated by z% exchange. Here,

my = my)(my - m)
F(u » eed)/Tiu » ey) = % 1n2 | , ] . (9)

Models with doubiy cha-ged leptons can also have muon-number

violation but with Bu3e larger than BueY'

D. Expanded Higgs Lector

Another straightforward extension of the standard model is the
inclusion of more than one doublet of Higgs bosons.!? The standacd
model requires at least one Higgs doublet to generate masses for
the vector bosons. However, there 1s considerable freedcm in the
na-ure of the Higgs sector. Muon-number violations can be mediated
by the multiple Higgs doublets.

The Higgs can contribute through one-ioop diagrams and two-
loop diagrams. The two-loop 1s larger than the one-loop contribu-
tion if the Higgs mass, my, is greater than 3 GeV. If my << my,
then

a3 _
Puey = 3(3)" = 4 x 1078 (10)
which exceeds present experimental bounds. If oy > my,

By ~ (32"

= . 11)
ueY n mH ( ’

For m ( 1 TeV (this is current theoretical prejudice), B
4 x 10713, Note that by studying very rare processes, one Is



exploring extremely large mass scales. Finally, the rate for
u + eeé 1s smaller than the rate for u + ey but by less than a
factor of a/m as would be expected from Dali z pair production.

E. Other Theoretical Models

Space does not permit a discussion of the many other exten-
sions to the standard model which result in lepton~family-number
nonconservation. Examples include existence of flavor-changing
neutral gauge bosons (for examgle, the gauge bosons associated with
horizontal gauge interactions 8 or the gauge bosons present in
extended technicolor theories!?); composite models2®; muon-number
violation mediated by light lepto-quarks (present in some grand
unified theories?! and in extended technicolor theorieslq); muon-—
number violation mediated by supersymmetric partners of the usual
SU(Z)L x U(l) gauge bosons22; existence of new electroweak inter-
actions.?3 1In general, these different sources of lepton-number
nonconservation predict different relative strengths for the
various neutrinoless transitions. This result undersccres the
importance of searching for all of these processes.

Another process which violates lepton-family-number conserva-
tion is neutrino os llations.2* Oscillations explicitly require
massive neutrinos, ~nereas this i1s nnt the case for the processes
discussed above. However, oscillation experiments can be sensitive
to very small neutrino masses ({1 eV), whereas effects in the neu-
trinoless transitions caused by those masses alone would be negli-
gibly small.

III. THE SEARCH FOR u + ey

A. Rare Decays

In order to search for any rare decay, one needs a copilous
source of the decaying particle and an apparatus that can detect
the decay products. Furthermore, the experiment must be capable of
eliminating possible background processes and of identifying the
desired reaction.

In the absence of background or esignal, the 9G% confidence
level upper limit 1s given by

2.3

B(90X CL) =
( ) NDKQ/A'"!E '

(12)

where HD = number of parent partlicles decaying, /4n = fractional



solid-angle acceptance of the detector, and € = overall detector
efficiency.

N increases linearly with running time, so the limit improves
linear?y with running time uutil some background is encountered.
In the poresence of background, the limit improves with the square
root of the running time because one must subtract the number of
background events from the number of observed events, and the sta-
tistical uncertainties in these numbers determine the limit.

B. History

The first searches for the u + ey decay were performed by
Hincks and Pontecorvo, and Sard and Althaus in 194825 before the
true nature of muon decay was understood. The energy of the parti-
cles was measured using Gelger-Mueller tubes and absorbers. An
vpper liafit of B e ¢ 5 % 1072 was obtained. Subsequent measure-
ments312% used a variety of techniques (range measurements with
scintillation counters, water Cerenkov counters, spark chambers, a
Freon bubble chamber, and energy measurements with Nal crystals).
The upper limit, as a function of time, is shown in Fig. 3.

Due to the long lifetime of the muon (2.2 us), all studies of
muon decay have been done with stopped muons. The decay TR e+Y
(u* are studied because stopped u~ can be captured in the stopping
targer) 1is characterized by a monochromatic positron and photon
(Energy = 52.83 MeV), which are emitted simultaneously at 180° with
respect to each other. It is these distinguishing attributes which
must be used to search for u + ey.

Early measurement: used range to determine the encrgy of the
positron and the converted photon. Later experiments used Nal
crystals or a wagnetic spectrometer. The precision of the energy
measurements was poor. As a result, these experiments were limited
by the background from the deca wt > e veU Y where the two neutri-
nos have little energy and at e =y are near!y accllinear. The
branching ratio in this configuration?’ is

r(ut » e*tviy,e,, = 180°)
8 .

rad r<u+ -+ e+vT))
é%{(1 -2 + 41 = x)(1 - y)]y dy dx d(cos 8,7) , (13)

vhere 0EY is the angle between the positron and the photon and x
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Fig. 3. Upper limit for B and several other muon-number violat-

ing processes as geyunctton of time.

and y are the positron and photon energies, resapectively, in units
of m /2. Thus, for A6, = 0.1, &x = 0.1, and Ay = 0.5 (typical of
experiments performed around 1963), B_ ., = 1.4 x 1078, This s
about as well as thesc experiments dis. However, tha modest u*
intensities (derived from stopped m*’s) did not permit more sensi-
tive searches to be made. The advent of high intensity pion beams
and wuon beams at meson facturies, coupled with subatantial detec-
tor {mprovements, allowed more svensizive axperiments to be per-
formed.

C. _The SIN Fxperiment of 1977

This experi.ment28 is largely responsible for the renailssance
in interest in processes violating muon number cunservation. An
{Ll1-founded rumor of a u + ey signal, which proved to be incorrect,



was the cause. This experiment was an order of magnitude more
sensitive than any previous experiment. The apparatus 1s shown in
Fig. 4. The major detecting device is two large Nal crystals
located on opposite sides of the stopping target. This design is
essentially identical to that used by Frankel et al.2® in 1963,
This arrangement had a relatively small acceptance (Q/4n = 1,2X for
u + ey events). The experiment utilized a 90 MeV/c ut beam with a
moderator before the scintillation target. The stopping rate was
~5 x 10% u/s. The Nal energy resolution was (4.6 * 0.4) MeV
(FWHM). Good shower containment was achjeved by using large Nal
detectors (27.7 cm diameter, 33 cm long) and collimating the
entrance aperture. The improved energy resolution implies that the
internal bremsstrahlung backgrOund is comfocrtably below 1079, An
upper limit BueY < 1,0 x 1077 (90% CL) was achileved.

A nearly identical experiment was performed at the same time
at TRIUMF,?29 The beam intensity was 2 x 105 nt/s. An upper limit
of BueY < 3.6 x 1079 (90% CL) was obtained.

These two experiments improved the upper limit for B by an
order of magnitude using an experimental design that is essentially
identical to previous experiments. The improvement was possible
because of improvements in the inciaent beam, in the Nal detectors,
and in the electronics. Nevertheleas, this limit is about as low
ae one can set with this technique. Further improvement requires
different techniques.

T e R R PR

Fig. 4. Schematic diagram of the SIN u + ey experimental appa-
ratus.



D. The LAMPF Experiment of 1978-79

A plan view of the apparatus {or this experiment3° is shown in
Fig. 5. There were several new techniques used in this experiment,
which will be described helow. These are a magnetic spectrometer
to measure the e’ vector momentum, a segmented Nal detector to mea-
sure the pnoton energy and conversion point, and a muon beam of
very iow energy ('surface' beam).

The goal of this experiment was to be sensitive to B ey at the
10710 level. Since Q/4m for this detector is ~2%, more than 1012
muon decays were required. Furthermore, a thin stopping target was
requireld to minimize multiple scattering, bremsstrahlung, and anni-
hilation of the outgoing positron.

The experiment used a surface muon beam. The muons in such a
beam originate from piuns that come to rest near the surface of the
plcn production target. These mmons come from a small, well-
defined source. They may be imaged by simple beam optics. The
mucn acceptance 18 high, the momentum is low (28 MeV/c¢), the momen-
tum dispersion (Ap/p) and srot size are both small, and the inten-
sity is high. The range of the surface muons in polyethylene is
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Fig. 5. The apparatus for the LAMPF u + ey experiment.



69 mg/cm? with a full width at half maximum (FWHM) of only 20 mg/

cm?. The stopping intensity was 2.4 x 10% muons/s.

Because of a

long beam line and the low heam momentum, almost all of the pions
accapted by the beam decay before reaching the experimental target.
On the other hand, the channel alsu transports a large contamina-
tion of positrons created by pair production from Yy rays in the

production target.

These positrona were separated from the muons

by the use of a degrader in the beam, upstream of a bending magnet.

The magnetic spectrometer used MWPC’s to determine the posi-
tron trajectory and a scintillation counter hoduscope to measure

its time of arrival.

spectrometer in a u + ey experiment.3!

This was not the first use of a magnetic

The most novel technique used in this experiment was the

The photon telescope was a total absorption Nal
detector, but it used a segmented array of Nal crystals. This
permitted the measurement of the photon conversion point. In addi-
tion, a sweeping magnet was placed between the stopping target and
the Nal. No positron from muon decay at the target could reach the
Nal. This arrangement reduced the sincles rates in the photon de-
tector by about two orders of magnitude and allowed the experiment
to use a high muon rate.

photon detec!r.

Table V shows some of the parameters of the experiment. An
< 1.7 x 10710 (90% CL) was set by this experi-
ment., The major background in this experiment was the random

upper limit, B

TABLE V. Characteristics of Several u + ey Experiments

Sennitivity

Ref. 30
1.8%

8% (FWIM)
9% (FWIIM)

2na (FWHM)
5° (FWIHM)

2.5 x 10%/4s
(average)

1.7 x 10710

Ref. 32
50%

6% (FWHM)
04 (FWHM)

0.7 NS (FWIM)
~6° (FWIM)

5 105/
(average)

1074

Ref. 33

16X

6% (FWIM)

0.6% (FWIM)

O.6ns (FWiM)
1.5° (FWiM)

>107 /s
(average)

<10~12



coincldence between uncorrelated positrons and photons. The inter-
nal bremsstrahlung background was at the few X 10712 1evel.

Ee. Future Measurements

At LAMPF one y + eY measuvrement is in progress and another is
planned. The measurement 1in progress uses a large, mulripurpnse
detector called the Crystal Box. 2 A schematic diagram of the
apparatus is shown in Fig. 6. Surface muons stop in a thin poly~-
styrene target in the middle of a cylindrical drift chamber. The
drift chamber 1s surrounded by a hodoscope of plastic scintillation
counters and by a large, modular, sodium iodide array. The parame-
ters of the detector are given in Table V. The apparatus is being
used to search for u + ey, u » etete” , and u+ + e YY gsimultane~-
ously. The single particle acceptance is Q/4n = 0 5, which is very
large. The et and Y are back-to-back for ut + e *y, so this is also
the acceptance for this two-body decay. Since there is no magnetic
field in the apparatus, the sodium iodide is exposed to the full
flux of positrons from the muons decaying in the middle of the de-
tector. In order to minimize the effects of pile-up (two particles
depositing energy in an Nal crystal within the sensitive time of

DRIFT CHAMBER I0 CRYSTALS DEEP
8 PLANES e ~ 9 CRYSTALS ACROSS

- K 120 em -
t 30 HODOSCOPE COUNTERS

Fige 6. Diagram of the apparatus for the Crystal Box experiment,



the energy measurement, ~200 ns), the wt stopping rate is
5 x 105 u/s, with a duty factor of ~7.5%.

The drift chamber determines the et trajectory, which 1is
traced back %o the stopping target to find the muon decay point.
The line from this point to the photon conversion point (determined
from the energy distribution in the individual sodium iodide crys-
tals) defines the photon trajectory. The largest background comes
from the random coincidence between a positron and a photon. This
should enter at a branching ratio level of a few x 107!!, An ulti-
mate sensitivity of 107!l for u + ey is anticipated.

A third LAMPF u + ey experiment is planned?3 after the Crystal
Eox experiment is completed, assuming a null result is obtained.
The Nal will he reconfigured and combined with a magnetic spectro-
meter, as shown in Fig. 7. The parameters of this arrangement are
given in T-tle ', In moet respects, this is the logical extension
of the firat LAMPF u + ey experiment., Better resolutions in all
pararaters, a higher muon flux, and a larger acceptance should re-
sult }g a background-free measurement at the level of several parts
in 10°°.

If this experiment achieves its goal but does not detect y =
eY, a8 new design will be required to extend the sensitivity. A
substantial increase in solid angle acceptence and/or muon flux

Nal(T1)
8

Nel(TD
A

Fig. 7. Apparatus for the planued b *» ey experiment at LAMPF.



will certainly be required. As difficult as it may be to envision
this at present, history indicates that it should occur. Figure 3
shows the experimental limits for various muon-number-nonconserving
processes as a function of time. This figure shows the trend of an
order of magnitude improvement approximately every five years.

IVv. STATUS OF OTHER EXPERIMENTS

A. ut » etete”

The present upper limit for this process comes from a 1976
experiment at Dubna.3* This experiment utilized a multilayer
cylindrical spark chamber with an axial magnetic field. The
parameters of this experiment are given in Table VI. measurement
ar2 given in Table VI. The worst background came from an electron
traversing the apparatus from outside (thus looking like an et and
an e~ emerging from the target at a relative angle of 180°) in
random coincidence with an e* from a pt decaying in the target.
The constraints in this experiment are the vertex (the fact that
all three charged particles must emerge from a common point in the
target), timing, and conservation of energy and momentum. An
intrinsic background comes from the decay nt + ete e vV, ,. While
this process satisfies the first two constraints, the expected
branching ratio for events with the sum of the energies of the
electron and positrons near M, is quite small. For examgle, the
branching ratio for detected energy above 70 MeV is ~1077 and falls
exponentially with increasing energy.3?

Two new experiments are under way to search for u + etete™.

One is the aforementioned Crystal Box experiment at Los Alamos.
The parameters of this measurement are given in Tuable VI. With no

TABLE VI. Characteristics of Several yt > elete” Experiments

Ref. 34 Ref. 32 Ref. 36
(en/énm) 5% 20% 16%
AE,/E 5% (FWIM) 6% (FWHM) 8% \FWHM)
At o 6ns (FWIM) 0.5n8 (FWIM) U.5ng (FWHM)
Target Thickness 22 mm 1.5 om lel mm
wt rate 2 x 104/s 5 x 10%/8 2.5 x 10%/g

(average)

Sensitivity 1.9 x 1079 ~2 « 10" 1.6 x 10710

(nuh%evud)
1071¢ (planned)



magnetic field, there is no way to distinguish et and e”. The main
background comes from three positrons from three separate muon de-
cays in accidental coincidence. A sensitivity of ~2 x 107!l ghould
be reached in the next year.

The second nev experiment 1is SINDRUM3® at SIN. The detector,
shown in Fig. 8, consists of cylindrical arrays of multiwire pro-
porcional chambers in an axial magnetic field. This design 1is an
update of the apparatus of Korenchenko et al. (Ref. 34). The
parameters of this experiment are shown in Table VI. This experi-
ment benefits from the 100%Z duty factor at SIN. A preliminary run
with only fou f the five chambers yielded an upper limit B 3e <
1.6 x 10710 (4% CL). A longer run is now under way.

B. w2+ e’2

When negative muons stop in matter, they can either decay or be
captured by the nucleus, initiating the reaction u"Z + v (Z - 1),
A muon—-number nonconserving process which might occur is8 p~ 2 + e”2
(called u=—e conversion). This process can be coherent (in which
the nucleus remains in the ground state and so the electrons are
monoenergetic with Ee ] mu) or incoherent (in which the nucleus is
excited). Coherent L-e conversion involves onlvy scalar and vector
quark densities.3? Incoherent u-e conversion i volves pseudoscalar
and axial vector quark densities.38® The published limit: on

Hodoscope
Chambers
Solenoid
Photomultipliers
Preamplifiers
Light guldes
Magnet Coll

SINDRUM

D= r>vv000TI

Fig. 8. Diagram for the SINDRUM experiment.



TABLE VII. Limits for Coherent u~ - e~ Convevsion

Nucleus Limit (90% CL) ZXuilerence
Copper ' 2 x 1078 Bryman et al., Ref, 4l
Sulfur 7 x 10711 Brdertscher et al., Ref. 39
Titanium 2 x 10711 Blacher et al., Ref. 40

coherent u—e convergion for various nu.:lei are given in Table VII.
Note that the coupling for 325 must be isoscalar, whereas this is
nct necessarily the case for the othec¢ nuclel.

In the search for coherent u-e conversion, one is performing a
kinematically incomplete experiment to observe a rare process. The
signature is a single electron with eirergy near 100 MeV. Back-
grounds include muon decay in orbit (in which the whole atom can
recoil), radiative muon capture with the production of an asymmet-
ric et - &~ pair, and many possible prucesses induced by n~, should
any be present. The first two backgrcunds fall approximately as
(me - E)“ L]

The SIN experiment3? on 325 used a streamer chamber inside an
axial magnetic field to measure the electron momentum accurately.
An upper limit,

F(u"2 > e72) qn

rquz » vz = 1])

Rﬁgh(325) . <7 x 107 (90% cL) , (14)

way obtained. The beam in the SIN accelerator was pulsed at
400 kHz. Electrons emitted during the beam-off perind were detect-
ed long after any pions had decayed or heen captured.

The apparatus for a new experiment at TRIUMF*? {8 shown in
Fig. 9. The heart of the experiment is a time projection chamber
located in a magnetic field. A preliminary limit cgh(“eTi) <
2 x 10711 (90% CL) has been obtained. The experiment is still
running and hopes to achieve a sunsitivity of several parts in
1012, The u=e converslon experiments at SIN, TRIUMF, and an earll-
er experiment at SRELY! are compared i:: Table VIII.

The limits on incoherent u-e conversion are much poorer due to
the fact that the measurement is much more difficult and because no



wiloN SPEQTROMETER

Fig. 9. Apparatus in use at TRIUMF to search for u~ - e~ conver-
sion.

TABLFE VIIIL. Characteristics of Sevgral u~"e Conversion Experiments

SREL SIN TRIUMF
(Ref. 41) (Ref. 39) (Ref. 40)
ra
‘ZF) 0.6% 5% 40%
AEg
——(FWHM) ~15% 7% “
Ee
u~ stopping rate ~10% 3 x 109 108
Sensitivity 1.6 x 1078 7 x 1071 2 = 1o~
(90% CL) (achleved)
few x 10712
(planned)

experiment has specifically searched for this process, Recently
the SIN experiment was reanalyzed and a limit® R&2°°h(3zs) <
8 x 1079 (90% CL) was cbtained.



C. U+ eYy

The u » eyy decay can occur as bremsstrahlung from external
muon and electron lines for u + ey: this would lead to an addi-
tional suppression by a factor of ~(a/m). However, there are gauge
models in which the u *+ eYYy rate can exceed the u + ey rate. This
18 the case, for example, in some theories in which the mediating
heavy leptons are charged.“2 One expects a differential decay dis-
tribution given by

2 ’
dr_ _ Gla,b) EeEfE%(l - cos 8)%¢ , (15)
dEldEZ 16113|:Il6
where E , are the photon energles, E, is the electron energy, 6 is
the angié between the photons, and G Sescribes the couplings.

In the u + ey experiments with two large Nal detectors28,29
u + eYYy could appe'r because an extra photon would simply increase
tl.e measured energy without being distingished. Thus, upper linm-
1t: of B . . € 5 x 1078 (90% CL) (Ref. 42) and B, o\ < 8.4 x 107
(90% CcL) ?ﬁef. 43) have been deduced.

The Crystal Box experiment32 expects to be sensitive to
U * eYy at a level of a few parts in 10'l, This large solid-angle
detector has a much larger acceptance for u + eyy: the back-to-
back configuration of the existing measurements is not favored by
the decay distribution of Eq. (l5).

D Some Other Rare Muon Processes

There are several other rare procesies which have been studied
as tests of either the Konopinski-Mahmoud or the multiplicative
lepton number schemes. These processes are

w2 +» et (z-2) , (16)
Wt et (17
(u*e™) + (u"e?) and e7e” + uTWT . (18)

Present limits are (all 90% confidence levels)



r(uz + etz - 2]) (z
r(u~z + Vu[Z -1

= 328) ¢ 9 x 10710 (Ref. 39) |, (19)

and

rt » efSv))
< 0.09 (Ref. 44) . (20)

Limits on the processes in Eq. (18) may be found in Ref. 45.

One migh:t think that the process 10 » ue would also be a good
place to look for muon-number nonconservation. Two recent
papersas'“s have reanalyzed old experiments and found

Br0ye = r(nd » pyte™) + I(n0 + y~eh
- r(»¥ + all)

<7 x 10798 (90% cL) . (21)

While this is a small number, it does not impose a meaniagful con-
stiaint. The 1m0 + ye decay 1is mediated by pseudnscalar and axial
vector quark densities, as is incoherent u-e conversion. The con-
straints from the incoherent conversion imply an upper limit of
~10713 for 70 » ue.?® The reason By0,e 18 so small 1s that the
denominator in Eq. (21) 1s an electromagnetic rate, not a weak
interaction rate.

+

Finally, I should meution the reaction e’e™ * ue,

Because one would expect an effective four-fermion inte

tion, the cross section should be proportional to s. Assumi hat
the muon-number violation is characterized by a coupling con: it,
Gy, we find“7
Jeerue Cxe = 8G2 (22)
B GZ/GZ F - : ‘
F

ule



The present limit on B, 3, implies

Oee $ 3G§[10‘9] = 4 x 10743 -m? for s = 10% GevZ , (23)

which implies an event rate of 4 x 10711 /s at a lumincsity of
1032/cm?~3.

E. Strangeness~Chauging Muon-Number-Nonconserving Decays

For some theories of muon-number nonconservation, including
horizontal gauge theories*® (in which horizontal gauge interactioas
connect the different generations) straungeness—-changing processes
are the most sensitive. Present limits for some of these processes
are

B _ F(KL + ue) -9

and

+, -+
Brrpe = K2 THE) ¢ 5 4 1079 (907 CL) (Ref. 50) . (25)

r(k*t » all)

Experiments have been approved at the AGS3! to improve these limits
by several orders of magnitude. This 1s an .rea of great interest

and activity. However, it lies somewhat outside the scope of this

paper. The interested reader should consult Ref. 48 and references
thereln for more details.

F. Tau Decays

A search for lepton-number-nonconserving 1 decays53 has set
upper limits at = 5 x 10™* for processes such as T + ey, 1 + Uy,
T + euu, etcs The sensitivity of these measurements 1is determined
by the number of available t’'s. There s no obvious way to
increase :his sample at present. Thus, although these decays
deserve as much attention as the rare muon proresses, it appears
that there 18 no way to achieve sensitivities that are as defini-
tive 28 those that have been attained with muons.



V. CONCLUSIONS

The minimal standard model of the electroweak interactions has
been enormously successful in accounting for a wide variety of phe-
nomena. Nevertheless, theoretical prejudice indicates that this is
not a conplete theory. In the presence of any of the present poa-
sibilitles beyond the minimal standard model, some of the important
features of this standard model will be altered. One such feature
is the conservaticn of lepton-family number. The cutting edge of
elementary particle physics 1s the measurement of the parameters of
the standard model and searches for extensions of the standard
model. These studies can be pursued at the high-energy frontier
and at the high-precision frontier. In the case of lepton-family-
number conservatior,, the high-precision approach 1s the appropriate
one.

Historically, the study of neutrinoless p—-e transitions has
played a major role in our understanding of the fundamental inter-
actions. The nmore sensitive experiments which are running or are
planned will extend this understanding.
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